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Regulating the Conducting States
of a Mammalian Serotonin Transporter
Rudnick, 1982; Rudnick and Clark, 1993). After cloning
of the SERT gene (Blakely et al., 1991; Hoffman et al.,
1991), expression studies and high-resolution electro-
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University of Southern California physiological approaches revealed more complex per-
meation properties. Rat brain SERT demonstrates atLos Angeles, California 90089
least four separate conductances when heterologously
expressed (Mager et al., 1994; Cao et al., 1997): (1) a
5HT- and Na-independent, H-dependent leak con-Summary
ductance that is activated below pH 7.0 and which is
blocked by SERT antagonists; (2) a 5HT-independent,Serotonin transporters (SERTs), sites of psychostim-
ulant action, display multiple conducting states in Na-dependent leak conductance that is blocked by
SERT antagonists; (3) a large 5HT-independent transientexpression systems. These include a substrate-inde-
pendent transient conductance, two separate sub- conductance that is revealed during hyperpolarization
and which is blocked by 5HT and SERT antagonists;strate-independent leak conductances associated with
Na and H, and a substrate-dependent conductance and (4) a 5HT- and voltage-dependent conductance that
is associated with 5HT transport. This latter finding wasof variable stoichiometry, which exceeds that pre-
dicted from electroneutral substrate transport. The surprising given the supposed electroneutral transport
process and resulted from variable transport of approxi-present data show that the SNARE protein syntaxin 1A
binds the N-terminal tail of SERT, and this interaction mately 7 to 12 additional charges with each transport
cycle. Multiple conducting states have been found inregulates two SERT-conducting states. First, sub-
strate-induced currents are absent because Na flux many neurotransmitter transporters (Fairman et al.,
1995; Galli et al., 1996; Sonders et al., 1997; Petersen andbecomes strictly coupled to 5HT transport. Second,
Na-mediated leak currents are eliminated. These two DeFelice, 1999), and the physiological roles for these
conductances are being defined (Otis et al., 1997;SERT-conducting states are present endogenously in
thalamocortical neurons, act to depolarize the mem- Ingram et al., 2002). Whether SERT’s multiple conduc-
tance states are present endogenously in neurons, whatbrane potential, and are modulated by molecules that
disrupt SERT and syntaxin 1A interactions. These data their physiological roles may be, and the extent to which
these states can be modulated have yet to be deter-show that protein interactions govern SERT activity
and suggest that both cell excitability and psychostim- mined.
SERT transport capacity is known to be regulatedulant-mediated effects will be dependent upon the
state of association among SERT and its interacting through mechanisms that involve subcellular redistribu-
tion of the transporter (for review, see Blakely and Bau-partners.
man, 2000). Less is known about the molecules that
regulate SERT substrate permeation. One potential mol-Introduction
ecule is syntaxin 1A, which is a component of the ma-
chinery involved in transmitter release and a key playerSerotonin (5HT) plays a crucial role in multiple functional
brain systems, including those that underlie aggression, in the SNARE hypothesis of vesicle trafficking and fusion
(Su¨dhof, 1995). Three lines of evidence support this idea.cognition, eating, mood, motor activity, pain, and sleep.
Extracellular levels of 5HT are controlled by the plasma First, syntaxin 1A has been shown to regulate gating
and permeation of various excitability proteins, such asmembrane serotonin transporter (SERT), one member
of a family of neurotransmitter transporters that function CFTR Cl channels (Naren et al., 1997) and voltage-
gated Ca2 channels (Bezprozvanny et al., 1995). Sec-by coupling the transport of neurotransmitter to the elec-
trochemical gradients for Na and Cl. SERTs are of ond, the transporters for GABA (GAT1; Deken et al.,
2000), glycine (Geerlings et al., 2000), norepinephrineinterest because they are therapeutic targets of selec-
tive serotonin reuptake inhibitors (e.g., Prozac), tricyclic (Sung et al., 2003), and 5HT (Haase et al., 2001; Quick,
2002a) all show syntaxin-mediated interactions. Third,antidepressants, and appetite suppressants. They are also
sites of action of drugs of abuse such as cocaine and syntaxin 1A regulates GAT1 in part by causing an ap-
proximate 4-fold reduction in GABA translocation rates3,4-methylenedioxymethamphetamine (MDMA; “ecstasy”).
Changes in SERT function and expression have been (Deken et al., 2000). While it is known that SERT expres-
sion is regulated by syntaxin 1A (Quick, 2002a), its po-implicated in anxiety, autism, depression, gastrointesti-
nal disorders, obsessive-compulsive disorder, schizo- tential role in mediating 5HT translocation has yet to
be determined.phrenia, substance abuse, and suicide.
For mammalian SERT, early biochemical approaches
using radiolabeled flux and antagonist binding sug- Results
gested that each transport cycle was electroneutral,
with one Na, one Cl, one positively charged 5HT co- Syntaxin 1A Regulates SERT Expression
transported, and one K countertransported (Keyes and and Function
As shown previously (Mager et al., 1994), superfusion of
a saturating 5HT concentration onto oocytes expressing*Correspondence: mquick@usc.edu
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Figure 1. Syntaxin 1A Regulates SERT Ex-
pression and Function
(A) Syntaxin 1A eliminates 5HT-induced cur-
rents. Representative traces from oocytes
expressing SERT alone (top traces) or with
syntaxin 1A (bottom traces). Holding poten-
tial was80 mV. Open bars above the traces
represent application of 10 M 5HT. Re-
cordings were made before (left traces) and
15 min after (right traces) injection of 10
ng BoTx.
(B) Current-voltage relationship for 5HT-
induced currents. Data are plotted from ex-
periments as in (A) with 12–17 oocytes/con-
dition/data point. Error bars are within the
symbol size.
(C) SERT surface expression. Oocytes ex-
pressing both SERT and syntaxin 1A were left
untreated or BoTx injected and subjected to
surface biotinylation. Immunoblotting was
performed on avidin-bound (B) and non-
bound (NB) fractions. Data from four such
experiments (20 oocytes/condition/experi-
ment) are quantified in the graph relative to
total SERT expression. Relative immunoreac-
tivity in BoTx-treated oocytes is significantly
different from untreated controls (p  0.05).
(D) Binding of a SERT antagonist to intact
oocytes. Oocytes expressing both SERT and
syntaxin 1A were left untreated (open sym-
bols) or BoTx injected (filled symbols) and
subjected to [125I]RTI-55 binding at various
concentrations. Nonspecific binding (squares)
was performed in the presence of 50 M flu-
oxetine. Specific binding (circles) was calcu-
lated by subtracting total binding from non-
specific binding. Data are from six to nine
oocytes/condition/data point. Binding pa-
rameters based upon Scatchard analysis: Un-
treated, Kd  0.61  0.14 nM, Bmax  20.1 
2.4 fmol/oocyte; BoTx-treated, Kd  0.70 
0.22 nM, Bmax  14.9  2.3 fmol/oocyte. Bmax
values were significantly different between
groups (p  0.05).
(E) Saturation analysis of 5HT uptake. Oo-
cytes expressing both SERT and syntaxin 1A
were left untreated (open symbols) or BoTx
injected (filled symbols) and subjected to 5HT uptake at various concentrations. Data are from six to nine oocytes/condition/data point. Uptake
parameters based upon Eadie-Hofstee analysis: Untreated, Km  0.78  0.22 M, Vmax  20.3  3.1 fmol/oocyte/sec; BoTx-treated, Km 
0.70  0.22 M, Vmax  15.8  2.9 fmol/oocyte/sec. Vmax values were significantly different between groups (p  0.05).
(F) SERT turnover rates. Transport rates for untreated and BoTx-treated oocytes were calculated by dividing Vmax values obtained in (E) by
the Bmax values obtained in (D).
wild-type SERT alone (referred to as WT/0 oocytes) and currents. No currents were seen under any condition
(three to five oocytes per condition; data not shown).voltage clamped at80 mV resulted in an inward current
that remained throughout the 5HT application (Figure One hypothesis for the absence of currents was that
syntaxin 1A inhibited SERT protein synthesis. To test1A, top left trace). This current was voltage dependent
(Figure 1B), blocked by the SERT antagonist fluoxetine this hypothesis, WT/1A oocytes were acutely injected
with botulinum toxin C1 (BoTx), an endoprotease that(data not shown), and yielded an approximate 30 nA
current at 80 mV. In contrast, 5HT-induced inward specifically cleaves and functionally inactivates syntaxin
1A (Blasi et al., 1993). Fifteen minutes after BoTx injec-currents were not evident in any oocytes coexpressing
SERT and syntaxin 1A (referred to as WT/1A oocytes) tion, oocytes that had not shown inward currents at80
mV (Figure 1A, bottom left trace) exhibited inward cur-(Figure 1A, bottom left trace). Within the detectable limits
of the voltage-clamp setup (approximately 1 nA), 5HT- rents in response to 5HT (Figure 1A, bottom right trace).
BoTx-injected oocytes showed voltage-dependent cur-induced currents were essentially 0 (Figure 1B). Voltage-
clamp experiments on WT/1A oocytes were also per- rents indistinguishable from WT/0 oocytes (Figure 1B,
filled circles). BoTx had no significant effect on WT/0formed at holding potentials of 160 mV and 80 mV
and using 5HT concentrations of 100 nM and 300 M, oocytes (Figure 1A, upper right trace), suggesting that
the toxin was exerting its effects through syntaxin 1A.to address the possibility that syntaxin 1A substantially
shifted the voltage or concentration dependence of the In thalamocortical neurons, syntaxin 1A is known to
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alter the relative subcellular distribution of SERT (Quick, were made of [3H]5HT uptake and [3H]5HT-induced cur-
rents in the same oocyte (Figure 2A). For direct compari-2002a). Thus, it was conceivable that syntaxin 1A was
son of charge to 5HT flux, 5HT-induced currents wereinhibiting SERT surface expression. To test this hypoth-
converted to moles of ion flux based upon Faraday’sesis, surface SERT expression was examined in un-
constant (96,500 coulombs/mol). There was no differ-treated or BoTx-injected WT/1A oocytes using surface
ence in the amount of 5HT flux at 40 mV and 80 mV,biotinylation (Figure 1C). In untreated oocytes, approxi-
consistent with uptake being electroneutral. In contrast,mately one half of total SERT protein was in the biotinyl-
the amount of net ion flux was approximately 2-foldated (surface) fraction. BoTx reduced surface expres-
larger at 80 mV than at 40 mV. To determine thesion and increased intracellular expression of SERT
number of net charges that were being transported perapproximately 25%, suggesting that syntaxin 1A coex-
5HT molecule, charge flux as a function of 5HT flux frompression was increasing surface SERT localization. The
individual oocytes was plotted (Figure 2B). At 40 mV,approximate ratio of 35%:65% of surface:intracellular
the slope of the line representing the charge:5HT ratioexpression in the BoTx-treated cells was comparable to
was 7.1; at 80 mV, the charge:5HT ratio was 12.9.that seen in WT/0 oocytes (data not shown). Therefore,
Simultaneous charge:5HT flux measurements (at a hold-syntaxin 1A was not eliminating SERT currents by
ing potential of 80 mV) were repeated in WT/1A oo-greatly reducing total surface SERT expression.
cytes (Figure 2C). In these oocytes, since there were noA related possibility was that syntaxin 1A was reduc-
net inward currents (see Figure 1B), the charge:5HT ratioing functional surface SERT expression. To test this
was essentially 0. After BoTx injection, the charge:5HThypothesis, steady-state radioligand binding of the
ratio was 13.6, similar to that seen in WT/0 oocytes.high-affinity SERT antagonist RTI-55 was performed on
These data were consistent with the hypothesis thatintact WT/1A oocytes (Figure 1D). Total [125I]RTI-55
syntaxin 1A was converting transport through SERTbinding was examined in untreated or BoTx-injected
from one of electrogenic stoichiometry to one of electro-oocytes. Nonspecific binding was linear across the con-
neutral stoichiometry. To test this hypothesis directly,centrations tested, accounted for approximately 15%–
radiolabeled substrate fluxes were measured for the20% of total binding at a given [125I]RTI-55 concentration,
obligate transport ions Na, Cl, and 5HT. Before mak-and was comparable to [125I]RTI-55 binding seen in non-
ing that measurement, conditions were sought that max-cRNA-injected oocytes. Specific [125I]RTI-55 binding was
imized SERT-mediated transport, minimized contami-saturable. Scatchard analysis of the binding data re-
nating fluxes from other pumps and channels, minimizedvealed comparable, subnanomolar dissociation con-
the amount of isotope utilized, and allowed the assess-stants for both untreated and BoTx-injected oocytes.
ment to be made using only radiolabeled substrates.Maximal binding capacity in the BoTx-injected oocytes
First, Na and Cl concentration response curves werewas approximately 25% less than in untreated oocytes,
generated (Figure 2D). In BoTx-injected WT/1A oocytes,which was expected given the biotinylation data show-
saturation analysis revealed an apparent Na Km of 22ing reduced surface protein expression in BoTx-treated
mM and an apparent Cl Km of 13 mM. These data wereoocytes. These data support the idea that the surface
not significantly different from that seen in untreatedpool of transporters is equivalent to the functional pool.
oocytes and comparable to values seen previously forAnother possibility was that syntaxin 1A inhibited
cells expressing SERT alone (Reith et al., 1989; MannSERT currents by disrupting 5HT transport. [3H]5HT up-
and Hrdina, 1992; Gu et al., 1994).take assays were performed at multiple 5HT concentra-
Pilot flux studies using radiolabeled substrates neartions in WT/1A oocytes, with or without BoTx injection
the apparent Na and Cl Km values indicated that many(Figure 1E). Saturation analysis showed that syntaxin
of the experimental criteria described above were met.1A had no effect on the 5HT concentration necessary
However, it was necessary to verify that the charge:5HTfor half-maximal transport. There were small differences
ratio at these lower ion concentrations was unaffected.
in the maximal transport capacity; however, the larger
Thus, simultaneous charge flux and 5HT flux measure-
maximal transport capacity in the untreated oocytes
ments were made at 40 mV in BoTx-injected WT/1A
was entirely consistent with the decreased functional oocytes (Figure 2E). In 96 mM NaCl, the charge:5HT
SERT expression seen in the BoTx-injected oocytes. ratio was approximately seven, as expected from the
The turnover rate of GABA transporters is reduced data for WT/0 oocytes (Figure 2B). Similar values were
4-fold by syntaxin 1A (Deken et al., 2000). Thus, one obtained when experiments were performed near the
possibility was that the syntaxin 1A inhibition of SERT apparent Na Km, near the apparent Cl Km, and at 22
currents occurred due to a reduction in SERT turnover mM NaCl.
rates. This rate of 5HT translocation through SERT was Thus, radiolabeled substrate flux assays to assess
calculated by dividing the maximal transport capacity stoichiometry were performed in oocytes voltage
(Vmax from Figure 1E) by the maximal binding capacity clamped at 40 mV using 22 mM Na, 22 mM Cl, and
(Bmax from Figure 1D). The turnover rate for SERT in 10 M 5HT (Figure 2F). Flux was assessed in separate
the presence or absence of full-length syntaxin 1A was groups of oocytes (from the same oocyte batch) for each
approximately 1.0 (Figure 1F). substrate by substituting the entire substrate concentra-
tion with its radiolabeled counterpart. In WT/1A oocytes,
Syntaxin 1A Changes the Stoichiometry of SERT SERT-specific substrate fluxes were approximately 11
The next hypothesis to be tested was that currents were fmol/sec/oocyte for all three substrates. In BoTx-injected
absent in WT/1A oocytes because syntaxin 1A was pre- WT/1A oocytes, substrate fluxes for Cl and 5HT were
venting the flux of excess charges during each transport approximately 9 fmol/sec/oocyte, and Na flux was 67
fmol/sec/oocyte. The amount of 5HT flux in WT/1A oo-cycle. In WT/0 oocytes, simultaneous measurements
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Figure 2. Syntaxin 1A Changes the Stoichi-
ometry of SERT Transport
(A) Charge and substrate flux in SERT-express-
ing oocytes. Moles of ion flux (charge) and
moles of 5HT (10 M) flux were determined
simultaneously in individual oocytes express-
ing SERT alone. Holding potentials were40
mV (filled bars) and80 mV (open bars). Data
are from 12 to 17 oocytes/condition.
(B) Charge:5HT ratio in oocytes expressing
SERT. Data were assessed as in (A). Slope of
best-fit line (charges per 5HT molecule)
at 80 mV, 12.9; at 40 mV, 7.1.
(C) Charge:5HT ratio in oocytes expressing
SERT and syntaxin 1A. Data were assessed
as in (A) before (open circles) and 20 min after
injection of 10 ng BoTx (filled circles). Holding
potential was 80 mV. Slope of best-fit line
(charges per 5HT molecule): untreated oo-
cytes, 0.02; BoTx, 13.6.
(D) Saturation analysis of 5HT uptake for Na
and Cl. Oocytes expressing both SERT and
syntaxin 1A were left untreated (open sym-
bols) or BoTx injected (filled symbols) and
subjected to 5HT uptake at various Na (cir-
cles) and Cl (squares) concentrations. Data
are from six to seven oocytes/condition/data
point. Uptake parameters based upon Eadie-
Hofstee analysis: untreated Na, Km  25 
5 mM; BoTx Na, Km  22 6 mM; untreated
Cl, Km  11  4 mM; BoTx Cl, Km  13 
3 mM.
(E) Charge:5HT ratio at various Na and Cl
concentrations. Oocytes expressing both
SERT and syntaxin 1A were BoTx injected
and assessed as in (A). Holding potential
was 40 mV. Data are from five to seven
oocytes/condition/experiment.
(F) Stoichiometry of flux. Oocytes expressing
both SERT and syntaxin 1A were left un-
treated or BoTx injected, and subjected to
uptake using radiolabeled Na (22 mM; filled
bars), Cl (22 mM; open bars), or 5HT (10 M;
hatched bars). Holding potential was40 mV.
Data represent SERT-specific uptake (differ
ence between total uptake and uptake in sis-
ter oocytes treated with 50 M fluoxetine)
from 11 to 19 oocytes/condition from one oo-
cyte batch.
cytes (11 fmol/sec/oocyte) was approximately half the sec/oocyte, similar to the amount of 22Na flux. The flux
stoichiometry of the untreated oocytes for Na:Cl:5HTuptake seen in the saturation analysis performed at 96
mM NaCl (Figure 1E; 20 fmol/sec/oocyte), which was was approximately 1:1:1. If it is assumed that one K
ion is transported during the uptake cycle, then thisexpected given that the stoichiometry experiments were
performed near the apparent Km for Na and near satura- stoichiometry would predict 0 current and would explain
the absence of substrate-induced currents in the WT/1Ation for Cl and 5HT. The slightly lower levels of flux for
Cl and 5HT in the BoTx-treated oocytes (9 fmol/sec/ oocytes. These data suggest that syntaxin 1A regulates
substrate-induced SERT conductances by altering theoocyte) was consistent with the decreased surface
transporter expression seen in BoTx-treated cells. stoichiometry of Na in the transport cycle, thus con-
verting uptake from an electrogenic to an electroneu-The flux stoichiometry of the BoTx-injected oocytes
for Na:Cl:5HT was approximately 7:1:1, which is the tral process.
ratio of charge:5HT seen in BoTx-injected oocytes (Fig-
ure 1E) and in WT/0 oocytes (Figure 1B). These data Syntaxin 1A Eliminates Li-Sensitive,
SERT-Mediated Leak Currentssuggested that Na flux was responsible for the voltage-
dependent currents. Indeed, since currents could be The ability of syntaxin 1A to alter substrate-induced
SERT conductances raised the possibility that the othermeasured in BoTx-injected oocytes, the amount of
charge flux was examined in subsets of oocytes in which three known SERT conductance states (Mager et al.,
1994; Cao et al., 1997) were also subject to syntaxin 1A-22Na, 36Cl, or [3H]5HT flux was being measured. The
average charge flux for 11 oocytes was 62  9 fmol/ mediated regulation. One of these states is the Li-
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Figure 3. Syntaxin 1A Eliminates the Li-
Sensitive Leak but Not Other SERT Currents
(A) Representative traces from an oocyte ex-
pressing SERT and syntaxin 1A obtained both
before (top trace) and 15 min after BoTx injec-
tion (bottom trace). Holding potential was
80 mV. Currents were measured in 96 mM
Na (white bar), 96 mM choline (gray bar),
or 96 mM Li (black bar) in the absence or
presence of 50 M fluoxetine (hatched bars).
(B) Current-voltage relationship for Li-sensi-
tive leak currents. Data are from experiments
as in (A) and plotted as the fluoxetine-sensi-
tive current in 96 mM Na. Data are from 13
oocytes/condition/data point.
(C) The transient current. Representative cur-
rent-voltage relationship for an oocyte ex-
pressing SERT and syntaxin 1A obtained both
before (open circles) and 15 min after injec-
tion of BoTx (filled circles). The oocyte was
voltage clamped at 40 mV, stepped to 60
mV, and then jumped to various potentials
from160 mV to40 mV. Inset shows kinet-
ics of the decay at 160 mV for an oocyte
before and after BoTx treatment. The tran-
sient current is eliminated in the presence of
fluoxetine (Flu).
(D) Current-voltage relationship for H-sensi-
tive leak currents. Oocytes expressing SERT
and syntaxin 1A were measured both before
(open circles) and 15 min after injection of BoTx (filled circles). Data are from experiments performed at pH 5.5 and plotted as the fluoxetine-
sensitive current in 96 mM choline. Data are from seven oocytes/condition/data point.
sensitive leak conductance. In BoTx-injected WT/1A oo- ference in the magnitude of the H leak. Taken together,
these data show that syntaxin 1A regulates both thecytes (Figure 3A, bottom trace), the inward holding cur-
rent at 80 mV was reduced both by 50 M fluoxetine 5HT-dependent conductance and the Na-dependent
leak conductance; however, it does not affect the tran-or by replacing Na with choline. The holding current
increased dramatically in the presence of Li, and this sient conductance or the H-dependent leak conduc-
tance.current was almost completely blocked by application
of 50 M fluoxetine. These phenomena were absent in
this same oocyte prior to BoTx injection (Figure 3A, top Syntaxin 1A Binds the N-Terminal Tail of SERT
SERTs and syntaxin 1A can be coimmunoprecipitatedtrace). Although there was a small change in the holding
current in the presence of Li, this current was unaf- from neurons that endogenously express both proteins
(Quick, 2002a), and the N-terminal tail of SERT interactsfected by fluoxetine application. In BoTx-injected oo-
cytes, the fluoxetine-sensitive component of the leak with syntaxin 1A based upon glutathione-S-transferase
(GST) pull-down assays after heterologous expression(measured in Na) was voltage dependent (Figure 3B),
with the leak currents approximately half the size of (Haase et al., 2001). To examine this interaction in more
detail, pull-down assays were performed using dissoci-currents induced by 5HT (see Figure 1B). These leak
currents were absent in all oocytes measured prior to ated thalamocortical cell lysates that were incubated
with various syntaxin-GST fusion proteins immobilizedBoTx injection.
SERT displays two other conducting states: a tran- on glutathione agarose beads (Figure 4A). SERT immu-
noreactivity was seen in cell lysates incubated withsient current and a H-dependent leak current. To exam-
ine the effect of syntaxin 1A on the transient conduc- immobilized recombinant cytoplasmic syntaxin 1A (GST-
Syn1AC) and with the H3 domain of syntaxin 1A (GST-tance, WT/1A oocytes were subjected to a series of
hyperpolarizing voltage jumps before and after BoTx Syn1AH3C). No immunoreactivity was seen in cell ly-
sates incubated with a syntaxin 1A construct lackinginjection. Kinetics of the responses before and after
BoTx injection were indistinguishable (Figure 3C, inset). the H3 domain (GST-Syn1AH3C), with recombinant
cytoplasmic syntaxin 3 (GST-Syn3C), or with immobi-The peak transient currents were slightly smaller after
BoTx injection (Figure 3C), but this was likely due to the lized GST alone.
To examine the affinity of these interactions, in vitrodecrease in functional SERT expression caused by BoTx
injection (see Figure 1D). To examine the effect of syn- binding assays were performed (Figure 4B). Thalamo-
cortical cell lysates were incubated with various concen-taxin 1A on the H-dependent leak conductance, oo-
cytes were voltage clamped in choline-containing me- trations of soluble GST-Syn1AC, GST-Syn1AH3C, or
GST-Syn1AH3C. Constructs containing the completedium at pH 5.5, and the fluoxetine-sensitive component
of the holding current was examined before and after cytoplasmic domain of syntaxin 1A or the H3 domain
alone both exhibited saturable SERT binding with half-BoTx injection (Figure 3D). Once again, after accounting
for differences in expression levels, there was little dif- maximal binding occurring at approximately 300 nM.
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Figure 4. Syntaxin 1A Binds the N-Terminal
Tail of SERT
(A) Pull-down assays reveal a physical inter-
action between SERT and syntaxin 1A. Thala-
mocortical cell lysates were passed over vari-
ous GST-syntaxin constructs immobilized on
glutathione-agarose beads. Bound proteins
were eluted and subjected to immunoblotting
using a SERT-specific antibody.
(B) Saturation analysis of SERT binding to
various syntaxin 1A GST fusion proteins. Ex-
periments were performed as in (A). Percent
of SERT bound relative to its binding to 1.0
M GST-Syn1A was determined from three
separate experiments.
(C) Pull-down assays reveal a physical inter-
action between syntaxin 1A and the N-ter-
minal tail of SERT. Thalamocortical cell ly-
sates were passed over various GST-SERT
constructs immobilized on glutathione-aga-
rose beads. Bound proteins were eluted and
subjected to immunoblotting using a syntaxin
1A-specific antibody.
(D) Syntaxin 1A directly binds the N-terminal
cytoplasmic tail of SERT. Recombinant syn-
taxin 1A cytosolic domain (0.4 nmole) was
bound to increasing concentrations of GST-
N-Tail (open circles) or GST-C-Tail (filled cir-
cles) and immunoblotted using a syntaxin 1A-
specific antibody. Percent of syntaxin 1A
bound relative to its binding to 1.0 M GST-
N-Tail was determined from three separate
experiments.
(E) N-terminal tail SERT mutants that bind
syntaxin 1A. HEK-293 cells transfected with
different SERT constructs were passed over
GST-Syn1A immobilized on glutathione-aga-
rose beads. Bound proteins were eluted and
subjected to immunoblotting using a SERT-
specific antibody (upper panel). Surface bio-
tinylation of SERT constructs (lower panel).
Data are representative of two separate ex-
periments.
(F) Saturation analysis for binding of SERT
mutants to GST-Syn1A. Pull-down assays
were performed as in (E). Data are plotted
relative to binding of wild-type SERT to 1.0
M GST-Syn1A. Data are from three sepa-
rate experiments.
Comparable experiments performed using a syntaxin 1A combinant N-terminal SERT (GST-N-Tail) was added
to soluble recombinant cytoplasmic syntaxin 1A (GST-construct lacking the H3 domain failed to show binding.
These data suggest that the H3 domain of syntaxin 1A Syn1AC, in which the GST was cleaved free by throm-
bin). The association between the N-terminal tail ofis required for SERT:syntaxin 1A interactions.
To determine the sites of interaction on SERT, pull- SERT and syntaxin 1A was saturable with half-maximal
binding occurring at approximately 200 nM. No bindingdown assays were performed in which thalamocortical
lysates were incubated with various SERT-GST fusion of syntaxin 1A to the C-terminal tail of SERT (GST-C-Tail)
was evident.proteins (Figure 4C). Syntaxin 1A immunoreactivity was
seen in cell lysates incubated with the recombinant The H3 domain of syntaxin 1A directly binds the
N-terminal tail of GAT1 at negatively charged amino acidN-terminal of SERT (GST-N-Tail) but not when cell ly-
sates were incubated with recombinant C-terminal tail residues (Deken et al., 2000). Using this as a model,
SERT mutants were made that targeted a stretch of(GST-C-Tail) or the first or fourth intracellular loops of
SERT (GST-IL1 and GST-IL4, respectively). Pairwise in negatively charged amino acids between residues 11
and 30 of SERT’s primary sequence. These mutantsvitro binding assays were performed to determine the
affinity of the direct interaction (Figure 4D). Soluble re- were expressed in HEK-293 cells and subjected to pull-
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down assays using GST-Syn1AC (Figure 4E, upper SERT-10 (Figure 5E) and wild-type SERT (see Figure
3B), however, the presence of syntaxin 1A failed to elimi-blot). Subsequent immunoblotting with a SERT-specific
antibody revealed an immunoreactive band in cell ly- nate the voltage-dependent leak currents in SERT-5A,
as expected given its inability to bind syntaxin 1A in vitro.sates expressing wild-type SERT and in a SERT trunca-
tion mutant in which amino acids 2–10 were eliminated A second approach used to examine the functional
effects of the SERT:syntaxin 1A interaction was to acutely(SERT-10). However, no immunoreactivity was seen in
a SERT truncation mutant in which amino acids 2–30 inject peptides corresponding to the cytoplasmic N-ter-
minal tail of SERT (Figure 6A). The rationale was basedwere eliminated (SERT-30). A SERT construct in which
the five negatively charged amino acids between resi- upon the idea that the N-terminal peptide would com-
pete with wild-type SERT for syntaxin 1A binding. Asdues 11 and 30 were replaced with alanines (SERT-5A;
E14A, D17A, E19A, D20A, E23A) also failed to be pulled shown above (see Figure 1B), WT/1A oocytes failed to
show 5HT-induced, voltage-dependent currents. In con-down by GST-Syn1AC. This was not due to differences
in expression levels of the various mutants. Surface bio- trast, 5HT-induced currents were present in oocytes
injected with a peptide corresponding to the first 30tinylation assays revealed comparable surface expres-
sion in HEK-293 cells (Figure 4E, lower blot). Binding of amino acid residues of SERT (N-Tail 1–30). As a negative
control, some oocytes were injected with a 30 aminothe SERT-10 construct was saturable with an affinity
close to that of wild-type SERT. Saturable binding of acid scrambled peptide (N-Tail Scram). The peptides
had no effect when injected into WT/0 oocytes. Consis-SERT-30 and SERT-5A was not evident (Figure 4F).
tent with its role in disrupting SERT:syntaxin 1A interac-
tions, the N-Tail (1–30) peptide’s action resembled theStoichiometry of SERT Mutants and Regulation
action of BoTx both in converting the charge:5HT ratioby SERT N-Terminal Peptides
at 40 mV from 0 to approximately 7 (Figure 6B) and inThe identification of SERT mutants that lacked syntaxin
changing the Na:Cl:5HT flux stoichiometry from 1:1:11A binding permitted a direct test of the hypothesis that
to 7:1:1 (Figure 6C). In addition, injection of the N-Tailthis interaction was responsible for the regulation of
(1–30) peptide caused the appearance of voltage-both the 5HT-induced Na flux and the Li-sensitive
dependent leak currents (Figure 6D) that were similar toleak flux. 5HT-induced currents were measured (before
those produced by BoTx injection, to those seen inand after BoTx injection) in 10/1A oocytes and in 5A/
SERT-5A binding mutants, and to those seen in WT/01A oocytes (Figure 5A). The SERT-10 construct, which
oocytes.showed wild-type levels of syntaxin 1A binding, showed
activity comparable to WT/1A oocytes (see Figure 1B).
Prior to BoTx injection, no 5HT-induced voltage-depen- Syntaxin 1A Regulates Endogenous SERT
Currents in Thalamocortical Neuronsdent currents were evident; these currents appeared
following BoTx injection. In contrast, the SERT-5A con- Are these phenomena present in neurons that endoge-
nously express SERT? One difficulty in answering thisstruct, which lacked syntaxin 1A binding, showed 5HT-
induced, voltage-dependent currents prior to BoTx question is that SERT fluxes are so small that very high
levels of surface SERT expression are required in orderinjection. Injection of BoTx into these cells had no signifi-
cant effect on the induced currents. For wild-type SERT, to detect whole-cell currents. Interestingly, SERT is ex-
pressed in glutamatergic thalamocortical neurons dur-syntaxin 1A coexpression was correlated with increased
expression of the transporter on the cell surface (see ing development (Lebrand et al., 1996). Previous data
in dissociated thalamocortical cultures taken from em-Figure 1C), and thus, BoTx-injection was associated
with a slight decrease in peak currents. This was not bryonic day 18 rats showed that expression was maxi-
mal after 6–8 days in vitro (DIV) and that maximal trans-seen with the SERT-5A construct, further supporting the
inability of this construct to bind syntaxin 1A. port capacity was substantial at that time (Whitworth et
al., 2002). To determine if SERT expression was highExcept for the inability of syntaxin 1A to regulate 5HT-
induced currents, the SERT-5A construct resembled enough to permit electrophysiological analysis, esti-
mates of maximal transport capacity per neuron werewild-type SERT in its response to 5HT. Uptake and ex-
pression levels in 5A/1A oocytes were comparable to made (Figure 7A). Thalamocortical cultures were sub-
jected to [3H]5HT uptake assays at various 5HT concen-wild-type (see Figure 5B legend). Turnover rates were
approximately 1.0 (Figure 5B), similar to both the SERT- trations. Addition of 50 M fluoxetine to the assay inhib-
ited almost all uptake, suggesting that uptake was10 construct and wild-type SERT (see Figure 1F). The
charge:5HT ratio at40 mV was 7.2 prior to BoTx injec- mediated by SERT. The number of SERT-positive cells
per sample was determined in parallel from cell countstion and 7.1 after BoTx injection (Figure 5C). This was
comparable to both the SERT-10 construct (6.8) and using SERT immunohistochemistry (approximately 40%;
n  4 experiments, data not shown). Based upon thiswild-type SERT (7.1; see Figure 2E) after BoTx injection.
These data suggested that the Na:Cl:5HT flux stoichi- analysis, an estimate of the maximal transport capacity
per cell was 0.022 fmol/sec. Assuming a charge:5HTometry for SERT-5A was approximately 7:1:1 both be-
fore and after BoTx treatment. Radiolabeled substrate ratio of 7 at the resting membrane potential, these values
predicted a whole-cell 5HT-induced current of approxi-flux experiments showed this to be true (Figure 5D).
SERT-5A also showed leak currents that could not be mately 15 pA.
Standard whole-cell patch-clamp techniques wereregulated by syntaxin 1A (Figure 5E). 5A/1A oocytes
were examined for fluoxetine-sensitive currents in the then used to examine SERT-mediated currents in disso-
ciated thalamocortical neurons. Individual recordingsabsence of 5HT. These currents were sensitive to lithium
and were absent in choline (data not shown). Unlike (Figure 7B) showed that application of 5HT elicited in-
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Figure 5. Stoichiometry of SERT Mutants
(A) Current-voltage relationship for 5HT-
induced currents. Experiments were per-
formed as in Figure 1A for oocytes expressing
syntaxin 1A with either SERT-10 (squares)
or SERT-5A (circles). Measurements were
made before (open symbols) or 15 min after
(filled symbols) BoTx injection. Data are from
9 to 15 oocytes/condition/data point.
(B) Turnover rates of SERT mutants. Trans-
port rates were determined for BoTx-treated
oocytes expressing syntaxin 1A with either
SERT-10 (squares) or SERT-5A (circles).
Rates were calculated by dividing Vmax values
from Bmax values calculated from uptake and
binding saturation analyses, respectively.
Data are from two separate experiments, four
to six oocytes/data point (as in Figures 1D
and 1E). For SERT-10, Vmax  19.6  4.9
fmol/oocyte/sec, Bmax  21.4  3.5 fmol/
oocyte; for SERT-5A, Vmax  17.6  3.0 fmol/
oocyte/sec, Bmax  16.7  2.6 fmol/oocyte.
(C) Charge:5HT ratio in oocytes expressing
SERT mutants and syntaxin 1A. Data are from
individual oocytes assessed as in Figure 2A.
Holding potential was 40 mV. Symbols are
same as in (A). Slope of best-fit lines (charges
per 5HT molecule): SERT-10, untreated 
0.04; SERT-10, BoTx  6.8; SERT-5A,
untreated  7.2; SERT-5A, BoTx  7.1.
(D) Stoichiometry of flux. Oocytes expressing
both SERT-5A and syntaxin 1A were left un-
treated or BoTx injected and subjected to up-
take using radiolabeled Na (22 mM; filled
bars), Cl (22 mM; open bars), or 5HT (10 M;
hatched bars). Data represent SERT-specific
uptake from 8 to 16 oocytes/condition from
one oocyte batch.
(E) Current-voltage relationship for Li-sensi-
tive leak currents. Experiments were per-
formed as in Figure 3B and plotted as the
fluoxetine-sensitive current in 96 mM Na.
Symbols are same as in (A). Data are from
seven oocytes/condition/data point.
ward currents at120 mV. This current was likely medi- alone reduced the holding current. The currents were
voltage dependent, and the leak at 120 mV was 7 ated by SERT because it (1) was blocked by fluoxetine
coapplication (Figure 7B, upper left trace), (2) was acti- 4 pA (n  4, data not shown).
The presence of SERT-mediated conductances invated by the SERT substrate MDMA (Figure 7B, upper
right trace), (3) was eliminated upon choline substitution neurons raised the question of the physiological effects
induced by these currents. As a first step in addressing(Figure 7B, bottom left trace), and (4) occurred in the
presence of 5HT receptor antagonists. Additionally, this question, SERT’s role in regulating the cell’s mem-
brane potential was examined (Figure 7D). In all cellsthese currents resembled 5HT-induced SERT-mediated
currents in oocytes: they were inward at negative poten- measured, application of fluoxetine hyperpolarized the
cell’s membrane potential compared to the membranetials, voltage dependent, and did not reverse at positive
potentials, consistent with this current being coupled potential recorded in the presence of 5HT. On average,
SERT-mediated currents produce an approximate 4 mVto a substrate-dependent uptake process (data not
shown). depolarization.
As mentioned above, SERT immunoreactivity wasRecordings made in the presence of 5HT and fluoxe-
tine or 5HT in the absence of sodium showed that inward seen in approximately 40% of the cells in the thalamo-
cortical cultures. However, under normal recording con-currents at 120 mV were smaller than under control
conditions (Figure 7B). This suggested the presence of ditions, SERT-mediated currents were seen in a signifi-
cantly smaller fraction of these neurons. This might beSERT-mediated leak currents. To examine this in more
detail, neurons were measured with 50 M fluoxetine expected if SERT currents were suppressed because
of SERT interactions with syntaxin 1A in these cells. Toalone applied to the bath (Figure 7C, upper trace). Fluoxe-
tine reduction of the inward holding current was not test this hypothesis, 1 M N-Tail (1–30) peptide was
included in the patch pipette, and SERT-mediated cur-seen in the absence of sodium (Figure 7C, lower trace).
In all cells that showed 5HT-induced currents, fluoxetine rents were measured (Figure 7E, left traces). One minute
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Figure 6. An N-Terminal Peptide Regulates
SERT-Syntaxin 1A Interactions
(A) Current-voltage relationship for 5HT-
induced currents. Experiments were per-
formed as in Figure 1A for oocytes expressing
SERT alone (squares) or with syntaxin 1A (cir-
cles). Measurements were made following in-
jection (approximately 5 M final concentra-
tion) of N-Tail (1–30) peptide (filled symbols)
or a scrambled control sequence (open cir-
cles). Data are from 13 to 21 oocytes/condi-
tion/data point.
(B) Charge:5HT ratio in oocytes expressing
SERT mutants and syntaxin 1A. Experiments
were performed as in Figure 2A. Measure-
ments were made at 40 mV following injec-
tion of the N-Tail (Scram) or N-Tail (1–30).
Slope of best-fit lines (charges per 5HT mole-
cule): N-Tail (Scram)  0.02; N-Tail (1–30) 
6.9.
(C) Stoichiometry of flux. Oocytes expressing
both wild-type SERT and syntaxin 1A were
acutely injected with N-Tail (1–30) or N-Tail
(Scram) and subjected to uptake using radio-
labeled Na (22 mM; filled bars), Cl (22 mM;
open bars), or 5HT (10 M; hatched bars).
Data represent SERT-specific uptake from 7
to 13 oocytes/condition from one oocyte
batch.
(D) Current-voltage relationship for Li-sensi-
tive leak currents. Oocytes expressing both
wild-type SERT and syntaxin 1A were acutely injected with N-Tail (1–30) or N-Tail (Scram). Data are plotted as the fluoxetine-sensitive current
in 96 mM Na. Data are from six oocytes/condition/data point.
(upper trace) after gaining cell access, application of all three neurons that did show currents at 1 min showed
2-fold to 3-fold larger currents at 15 min. Altogether, 155HT failed to elicit an inward current different from con-
trol. However, 15 min after gaining access (lower trace), of 42 cells recorded with N-Tail (1–30) or Munc18a in
the pipette showed SERT currents after 15 min of dial-fluoxetine-sensitive 5HT-induced currents were seen.
This revelation of 5HT-sensitive currents did not occur ysis. This represents 36% of the recorded cells, very
close to the 40% predicted by the percentage of SERT-when the N-Tail (Scram) peptide was included in the
pipette (Figure 7E, center traces). Thus, an exogenous positive cells. Finally, in all neurons that showed SERT
currents with N-Tail (1–30) or Munc18a in the pipette,molecule that disrupts SERT:syntaxin 1A interactions
can regulate SERT currents in neurons. the mean inward current (120 mV, 15 min after gaining
access) was approximately 30 pA. This magnitude wasTo determine if endogenous factors might also disrupt
the interaction, measurements were performed with re- 2-fold larger than currents recorded with control intra-
cellular solution. Taken together, these data are consis-combinant Munc18a in the patch pipette (Figure 7E, right
traces). Munc18a is a high-affinity endogenous binding tent with the idea that under physiological conditions,
SERT and syntaxin 1A are in various states of interaction,partner of syntaxin 1A (Hata et al., 1993; Pevsner et
al., 1994). Because Munc18a is capable of disrupting and the amount of interaction determines the magnitude
of endogenous SERT-mediated currents.syntaxin 1A’s interactions with other proteins (Naren et
al., 1997), it was predicted that its inclusion would reveal
SERT currents. One neuron showed a 7 pA, 5HT-induced Discussion
current a minute after gaining cell access (Figure 7E,
upper right trace); 15 min later, 5HT-induced currents Two general models have been proposed to explain
the multiple conducting states seen in SERTs found inin this cell were 26 pA.
A summary of all endogenous SERT-mediated cur- Drosophila, rodents, and humans. One model is an ion
channel in which substrates move through a single-filerents measured to date are shown in Table 1. Of 37
neurons recorded with control intracellular solution, 5 pore permeable to all requisite ions and that the flux
stoichiometry depends upon the absolute concentra-showed SERT currents. If one assumes 40% of the cells
in the thalamocortical cultures are SERT positive, then tions of each substrate. At higher extracellular 5HT con-
centrations, the 5HT gradient drives transport and isone would have predicted that 15 cells should have
shown currents. One possibility is that syntaxin 1A sup- uncoupled from Na and Cl; at lower 5HT concentra-
tions, 5HT uptake is coupled (Petersen and DeFelice,pressed SERT currents in these cells. Support for this
idea includes the evidence that of 42 cells recorded with 1999; Adams and DeFelice, 2002). The other model is a
variant of the alternating access model in which thereN-Tail (1–30) or Munc18a in the pipette, 12 neurons that
did not show currents 1 min after gaining cell access is a pore with two gates at each end (Cao et al., 1998).
5HT uptake is tightly coupled to 1 Na and 1 Cl throughdid show currents after 15 min of dialysis. Furthermore,
Neuron
546
Figure 7. Syntaxin 1A Inhibition of SERT-
Mediated Currents in Neurons
(A) Saturation analysis of 5HT uptake in thala-
mocortical neurons. Dissociated cultures 6
DIV were left untreated (open symbols) or
treated with 50 M fluoxetine (filled symbols)
and subjected to 5HT uptake at different con-
centrations. Data are from six wells/data
point. Uptake parameters for untreated cul-
tures based upon Eadie-Hofstee analysis:
Km  0.62  0.19 M, Vmax  0.022  0.0051
fmol/cell/sec.
(B) 5HT-induced currents mediated by SERT.
Representative traces of whole-cell patch
clamp recordings produced by a voltage step
from 60 mV to 120 mV. (Upper left) 10
M 5HT followed by 10 M 5HT  50 M
fluoxetine; (upper right) 10 M 5HT followed
by 3 M MDMA; (lower left) 10 M 5HT in the
presence, then absence of Na.
(C) SERT-mediated leak currents. Represen-
tative traces produced by a voltage step
from 60 mV to 120 mV. (Upper) 50 M
fluoxetine; (lower) 50 M fluoxetine in the ab-
sence of Na.
(D) Membrane depolarization by SERT. Neu-
rons were recorded in current-clamp configu-
ration in the presence of 10 M 5HT followed
by 50 M fluoxetine. Lines connect responses
of the same cell. Membrane potential: control,
61.6  1.5; fluoxetine, 65.4  1.2 (p  0.05).
(E) Regulation of SERT currents. Representa-
tive traces of whole-cell patch clamp re-
cordings produced by a voltage step from60
mV to 120 mV measured 1 min (top traces)
or 15 min (bottom traces) after gaining cell
access. (Left) 10 M 5HT, 3 M MDMA, or
10 M 5HT  50 M fluoxetine with pipette
solution containing 1 M N-Tail (1–30); (cen-
ter) 10 M 5HT with pipette solution con-
taining 1M N-Tail (Scram); (right) 10M 5HT
with pipette solution containing 350 nM
Munc18a.
the opening and closing of one gate at a time; however, age-dependent, variable stoichiometry to one that is
electroneutral. In the former model, this might arise fromthere are also states in which both gates are open at
the same time, and this could account for both the ex- syntaxin 1A placing energetic constraints upon the
channel such that 5HT cannot permeate without cou-cess ion fluxes present during 5HT transport and the
leak of ions in the absence of 5HT. The present data pling to the Na electrochemical gradient. In the latter
model, the interaction may prevent the simultaneousshow that the interaction of syntaxin 1A with SERT con-
verts SERT from an electrogenic 5HT carrier with a volt- opening of both gates. It is also possible that the excess
Table 1. Summary of 5HT-induced SERT Currents in Thalamocortical Neurons
Current at 120 mVa
Pipette Condition Numbers of Cells (pA; mean  SEM)
Total 5HT-induced currents  5HT-induced currents  at 1 min at 15 min
5 pA at 1 min 5 pA at 15 min
Control 37 5 5f 16  6 14  5c
N-tail (Scram) 17 1 1f 6 7
N-tail (1–30) 29 2d 10d,f 13  7b 29  4b,c
Munc18a 13 1e 5e,f 9 31  6c
a Data calculated from only those cells with 5HT-induced currents larger than 5 pA at 120 mV.
b Means significantly different from each other (p  0.05) based upon nonparametric comparison.
c Control significantly different from N-Tail (1–30) and Munc18a based upon one-way ANOVA.
d,e Number of cells showing currents at 15 min significantly different (p  0.05) than at 1 min, based upon 	2.
f Fraction of cells showing currents in N-Tail (1–30) and Munc18a conditions significantly different (p  0.05) than in control and N-Tail (Scram)
conditions, based upon 	2.
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Na flux during 5HT transport and the Na leak arise tions of the SERT antagonist cocaine and the SERT
from a separate Na pore in SERT and that syntaxin 1A substrate MDMA are clearly related to their ability to
inhibits flux through this pore. It should be pointed out raise extracellular 5HT concentrations, differential phe-
that the present data are consistent with the idea that notypic roles may be due in part to their inhibition or
syntaxin 1A converts each SERT transport cycle to fixed, activation, respectively, of SERT-mediated ion fluxes.
tightly coupled electroneutral stoichiometry. However,
the data are also consistent with a model in which stoi- Experimental Procedures
chiometry is variable within each transporter but that
Constructs and Reagentsthe average across all transporters is electroneutral.
For generation of fusion proteins, cDNAs encoding particular do-The four conducting states seen previously in studies
mains were amplified by PCR, subcloned into pGEX (Pharmacia),
of SERT expressed in oocytes (Mager et al., 1994; Cao and expressed in E. Coli. GST was removed by thrombin cleavage.
et al., 1997) have been reproduced in the present study. Site-directed and truncation mutants were made using Altered Sites
Syntaxin 1A regulates two of these states. The 5HT- (Promega). High expression levels of SERT in oocytes was achieved
by inserting the alfalfa mosaic virus 5
 untranslated region upstreamindependent, hyperpolarization-induced transient con-
of the start codon and a poly(50)-A tail downstream of the stopductance and the 5HT-independent, pH-sensitive leak
codon. cRNA synthesis was performed using mMessage mMachineconductance are unaffected by syntaxin 1A. Of course,
(Ambion). An antibody recognizing aa 619–653 of SERT and isoform-this could happen if these states require pores that are specific polyclonal syntaxin antibodies (Naren et al., 1997) were
not regulated by syntaxin 1A. However, assuming that generated by immunizing rabbits with affinity-purified GST con-
SERT has one permeation path, it may be that the tran- structs.
Rat SERT (Hoffman et al., 1991) constructs: SERT, wild-type SERT,sient current is unaffected because the hyperpolarizing
aa 1–653; SERT-10, SERT lacking aa 2–10; SERT-30, SERT lack-jump necessary to elicit the transient currents, or the
ing aa 2–30; SERT-5A, SERT mutant at positions E14A, D17A, E19A,pH change necessary to elicit H leak currents, alters
D20A, E23A; N-Tail, cytoplasmic N-terminal tail of SERT, aa 1–85;the interaction between syntaxin 1A and SERT. The fact
C-Tail, cytoplasmic C-terminal tail of SERT, aa 595–653; IL’s, puta-
the binding of SERT to syntaxin 1A is significantly re- tive intracellular loops of SERT; IL1, aa 140–159; IL4, aa 437–463.
duced in a SERT construct lacking five glutamic acid Syntaxin 1A (Bennett et al., 1993) constructs: Syn1A, full-length
and aspartic acid residues supports this possibility. syntaxin 1A, aa 1–288; Syn1AC, syntaxin 1A lacking the transmem-
brane domain, aa 1–266; Syn3C, syntaxin 3 lacking the transmem-Syntaxin 1A also regulates permeation through the
brane domain; Syn1AH3C, the H3 domain of syntaxin 1A, aa 188–rat brain GABA transporter GAT1 (Deken et al., 2000), a
266; Syn1AH3C, syntaxin 1A, aa 1–188.member of this same transporter family. And while there
are some similarities, there are some interesting differ-
Cell Cultureences as well. Like GAT1, removal of charged residues
Xenopus oocyte culture is described elsewhere (Quick and Lester,
in the N-terminal tail reduces syntaxin 1A binding and 1994). Oocytes were assayed 7–10 days postinjection. The molar
prevents regulation by botulinum toxin. However, the ratio of injected SERT:syntaxin 1A cRNA was 1:5. Human embryonic
GAT1:syntaxin 1A interaction results in a 4-fold reduc- kidney (HEK) 293 cells were maintained in -MEM supplemented
with 5% FBS, L-glutamine, and penicillin/streptomycin. Transfec-tion in substrate turnover rates. This means that GABA
tions were carried out using FuGene 6 (Roche). Primary cultures oftransport itself is slowed by a factor of four. In SERT,
thalamocortical neurons were prepared from E18 rats as describedwhile ion-conducting states are affected, turnover rates
(Whitworth et al., 2002). Experiments were performed at 6 days inremain approximately 1/sec, and thus, 5HT transport
vitro (DIV).
remains unaffected. This suggests that syntaxin 1A
plays transporter-specific regulatory roles. Furthermore,
Uptake Assays
the GAT1:syntaxin 1A interaction is modulated by trans- [3H]5HT uptake into oocytes was performed as described (Quick
porter substrates (Quick, 2002b). Whether this is true and Lester, 1994). Specific uptake at each concentration was deter-
for SERT is presently under investigation. mined by subtracting total uptake from uptake measured in unin-
jected oocytes. [3H]5HT uptake into neurons was performed asThe presence of multiple SERT conductances in neu-
described (Whitworth et al., 2002). Specific uptake at each concen-rons that endogenously express the transporter raises
tration was determined by subtracting total uptake from uptakethe question as to their potential physiological signifi-
measured in the presence of 50 M fluoxetine. The amount of 5HTcance. In an unrelated family of glutamate transporters, uptake per cell was determined by SERT-positive cell counts of
glutamate-activated Cl currents regulate membrane cultures plated in parallel.
potentials and affect synaptic signaling (Otis et al., To assess charge:5HT flux ratios, uptake experiments were per-
1997). In the more closely related dopamine transporter, formed simultaneously with two-electrode voltage-clamp electro-
physiology. [3H]5HT was superfused into the 60 l recording cham-substrate-activated Cl currents increase firing rates of
ber for 10 s, and then the flow was stopped; chamber bath exchangemidbrain dopaminergic neurons in culture (Ingram et al.,
was complete in approximately 2 s. Steady-state peak currents2002). The present study shows that 5HT-independent
elicited by this method were not significantly different from currents
leak currents and 5HT-induced transport-associated recorded under continuous perfusion (data not shown). Peak current
currents mediated by SERT act to depolarize the cell’s was defined as current recorded just prior to 5HT removal, sub-
membrane potential. Interaction with syntaxin 1A, and tracted from the holding current measured in the absence of 5HT.
potentially other binding partners, acts to inhibit depo- Uptake was terminated by rapid removal of the oocyte from the
chamber followed by washes in ice-cold ND96. Total 5HT-inducedlarization. The significance of this depolarization on cell
inward charge was calculated by integrating the 5HT-induced cur-excitability, other physiological effects of SERT ion fluxes,
rent; this value was matched to [3H]5HT uptake in the same cell.and the extent to which syntaxin 1A and its binding
Transport stoichiometry was based upon experiments in Loo et
partners modulate these effects are presently under in- al. (2000) and assessed by voltage clamping oocytes at 40 mV
vestigation. Also of interest are studies that show differ- and performing uptake experiments using 22Na, 36Cl, or [3H]5HT.
ential effects of psychostimulants on SERT function (for Uptake of each isotope was performed on oocytes from the same
batch. SERT-specific uptake was defined as the difference betweenreview, see Fleckenstein et al., 2000). While some ac-
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total uptake and uptake in sister oocytes treated with 50 M fluoxe- Bezprozvanny, I., Scheller, R.H., and Tsien, R.W. (1995). Functional
impact of syntaxin on gating of N-type and Q-type calcium channels.tine. Na replacement experiments used choline; Cl replacement
experiments used acetate. Statistical analyses were performed us- Nature 378, 623–626.
ing SPSS (SPSS, Inc). Two-sample comparisons were made using Blakely, R.D., and Bauman, A.L. (2000). Biogenic amine transporters:
Student’s t tests; multiple comparisons were made using one-way regulation in flux. Curr. Opin. Neurobiol. 10, 328–336.
ANOVAs followed by Tukey’s honestly significant difference post
Blakely, R.D., Berson, H.E., Fremeau, R.T., Caron, M.G., Peek, M.M.,
hoc test.
Prince, H.K., and Bradley, C.C. (1991). Cloning and expression of a
functional serotonin transporter from rat brain. Nature 354, 66–70.
SERT Antagonist Binding Assays
Blasi, J., Chapman, E.R., Yamasaki, S., Binz, T., Niemann, H., andBinding to intact oocytes was performed as described (Chang and
Jahn, R. (1993). Botulinum neurotoxin C1 blocks neurotransmitterWeiss, 1999). Individual oocytes were placed in a single well of a
release by means of cleaving HPC1/syntaxin. EMBO J. 12, 4821–96-well plate containing 40 l ND96. The assay (60 min at RT) was
4828.initiated with the addition of 10 l [125I]RTI-55 to the well and termi-
nated by four washes in ice-cold ND96. The total wash time for all Cao, Y., Mager, S., and Lester, H.A. (1997). H permeation and
pH regulation at a mammalian serotonin transporter. J. Neurosci.four wells was 16 s (4 s/well). Specific binding was determined by
the difference between total [125I]RTI-55 binding and nonspecific 17, 2257–2266.
binding ([125I]RTI-55 binding in the presence of 50 M fluoxetine). Cao, Y., Li, M., Mager, S., and Lester, H.A. (1998). Amino acid resi-
Nonspecific binding was equivalent to [125I]RTI-55 binding in unin- dues that control pH modulation of transport-associated current in
jected oocytes (data not shown). mammalian serotonin transporters. J. Neurosci. 18, 7739–7749.
Chang, Y., and Weiss, D.S. (1999). Channel opening locks agonist
Biochemical Assays
onto the GABAC receptor. Nat. Neurosci. 2, 219–225.
Biotinylation experiments were performed as described (Whitworth
Deken, S.L., Beckman, M.L., Boos, L., and Quick, M.W. (2000). Trans-et al., 2002). Monoclonal anti-actin antibodies (Sigma) were used
port rates of GABA transporters: regulation by the N-terminal domainto normalize protein levels in each fraction and to verify that the
and syntaxin 1A. Nat. Neurosci. 3, 998–1003.biotinylating reagent was not labeling intracellular proteins (data
not shown). Pairwise, quantitative solution binding assays and pull- Fairman, W.A., Vandenberg, R.J., Arriza, J.L., Kavanaugh, M.P., and
Amara, S.G. (1995). An excitatory amino-acid transporter with prop-down assays were performed as described (Naren et al., 1997).
erties of a ligand-gated chloride channel. Nature 375, 599–603.
Electrophysiology Fleckenstein, A.E., Gibb, J.W., and Hanson, G.R. (2000). Differential
Two-electrode voltage clamp was performed using a GeneClamp effects of stimulants on monoaminergic transporters: pharmacologi-
amplifier and Axoscope 6.0 software (Axon Instruments). Data were cal consequences and implications for neurotoxicity. Eur. J. Phar-
digitized at 10 Hz. Control solution was ND96. Electrodes were filled macol. 406, 1–13.
with 3 M KCl and had resistances of 1–3 M. To minimize liquid
Galli, A., Blakely, R.D., and DeFelice, L.J. (1996). Norepinephrine
junction potentials, anion substitution experiments were performed
transporters have channel modes of conduction. Proc. Natl. Acad.
using a 3 M KCl agar bridge. Measurements of transient currents
Sci. USA 93, 8671–8676.
were as described (Mager et al., 1994). In brief, the oocyte was
Geerlings, A., Lopez-Corcuera, B., and Aragon, C. (2000). Character-voltage clamped at 40 mV, stepped to 60 mV for 250 ms, and
ization of the interactions between the glycine transporters GLYT1then jumped to various potentials from 160 mV to 40 mV for 250
and GLYT2 and the SNARE protein syntaxin 1A. FEBS Lett. 470,ms. The transient current was isolated by subtracting measurements
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rents were assessed as described (Mager et al., 1994; Cao et al., Gu, H., Wall, S.C., and Rudnick, G. (1994). Stable expression of
biogenic amine transporters reveals differences in inhibitor sensitiv-1997).
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Keyes, S.R., and Rudnick, G. (1982). Coupling of transmembrane
Acknowledgments proton gradients to platelet serotonin transport. J. Biol. Chem.
257, 1172–1176.
This work was supported by NIH Grants DA10509 and MH61468.
Lebrand, C., Cases, O., Aldebrecht, C., Doye, A., Alvarez, C., El-
Mestikawy, S., Seif, I., and Gaspar, P. (1996). Transient uptake and
Received: June 11, 2003
storage of serotonin in developing thalamic neurons. Neuron 17,
Revised: August 11, 2003
823–835.
Accepted: August 28, 2003
Loo, D.D., Eskandari, S., Boorer, K.J., Sarkar, H.K., and Wright, E.W.Published: October 29, 2003
(2000). Role of Cl in electrogenic Na-coupled cotransporters
GAT1 and SGLT1. J. Biol. Chem. 275, 37414–37422.References
Mager, S., Min, C., Henry, D.J., Chavkin, C., Hoffman, B.J., Davidson,
N., and Lester, H.A. (1994). Conducting states of a mammalian sero-Adams, S.V., and DeFelice, L.J. (2002). Flux coupling in the human
tonin transporter. Neuron 12, 845–859.serotonin transporter. Biophys. J. 83, 3268–3282.
Bennett, M.K., Garcı´a-Arrara´s, J.E., Elferink, L.A., Peterson, K., Fle- Mann, C.D., and Hrdina, P.D. (1992). Sodium dependence of [3H]par-
oxetine binding and 5-[3H]hydroxytryptamine uptake in rat dien-ming, A.M., Hazuka, C.D., and Scheller, R.H. (1993). The syntaxin
family of vesicular transport receptors. Cell 74, 863–873. cephalon. J. Neurochem. 59, 1856–1861.
Regulating SERT
549
Naren, A.P., Nelson, D.J., Xie, W., Jovov, B., Pevsner, J., Bennett,
M.K., Benos, D.J., Quick, M.W., and Kirk, K.L. (1997). Regulation of
CFTR chloride channels by syntaxin and Munc18 isoforms. Nature
390, 302–305.
Otis, T.S., Kavanaugh, M.P., and Jahr, C.E. (1997). Postsynaptic
glutamate transport at the climbing fiber-Purkinje cell synapse. Sci-
ence 277, 1515–1518.
Petersen, C.I., and DeFelice, L.J. (1999). Ionic interactions in the
Drosophila serotonin transporter identify it as a serotonin channel.
Nat. Neurosci. 2, 605–610.
Pevsner, J., Hsu, S.-C., and Scheller, R.H. (1994). n-Sec1, a neural-
specific syntaxin-binding protein. Proc. Natl. Acad. Sci. USA 91,
1445–1449.
Quick, M.W. (2002a). Role of syntaxin 1A on serotonin transporter
expression in developing thalamocortical neurons. Int. J. Dev. Neu-
rosci. 20, 219–224.
Quick, M.W. (2002b). Substrates regulate gamma-aminobutyric acid
transporters in a syntaxin 1A-dependent manner. Proc. Natl. Acad.
Sci. USA 99, 5686–5691.
Quick, M.W., and Lester, H.A. (1994). Expression of excitability pro-
teins in oocytes. In Methods in Neuroscience, Ion Channels of Excit-
able Cells, P.M. Conn, ed. (San Diego: Academic Press), pp.
261–279.
Reith, M.E., Zimanyi, I., and O’Reilly, C.A. (1989). Role of ions and
membrane potential in uptake of serotonin into plasma membrane
vesicles from mouse brain. Biochem. Pharmacol. 38, 2091–2097.
Rudnick, G., and Clark, J. (1993). From synapse to vesicle: the reup-
take and storage of biogenic amine neurotransmitters. Biochim.
Biophys. Acta 1144, 249–263.
Sonders, M.S., Zhu, S.-J., Zahniser, N.R., Kavanaugh, M.P., and
Amara, S.G. (1997). Multiple ionic conductances of the human dopa-
mine transporter, the actions of dopamine and psychostimulants.
J. Neurosci. 17, 960–974.
Su¨dhof, T.C. (1995). The synaptic vesicle cycle, a cascade of protein-
protein interactions. Nature 375, 645–653.
Sung, U., Apparsundaram, S., Galli, A., Kahlig, K.M., Savchenko, V.,
Schroeter, S., Quick, M.W., and Blakely, R.D. (2003). A regulated
interaction of syntaxin 1A with the antidepressant-sensitive norepi-
nephrine transporter establishes catecholamine clearance capacity.
J. Neurosci. 23, 1697–1709.
Whitworth, T.L., Herndon, L.C., and Quick, M.W. (2002). Psychostim-
ulants differentially regulate serotonin transporter expression in tha-
lamocortical neurons. J. Neurosci. RC192, 1–6.
